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Abstract. This paper describes the notion of query answering in a dis-
tributed knowledge based system, and gives methods for computing these
answers in certain cases. More precisely, given a distributed system (DS)
of ontologies and ontology mappings (or bridge rules) written in Dis-
tributed Description Logics (DDL), distributed answers are defined for
queries written in terms of one particular ontology. These answers may
contain individuals from different ABoxes. To compute these answers,
the paper provides an algorithm that reduce the problem of distributed
query answering to local query answering. This algorithm is proved cor-
rect but not complete in the general case.
1 Introduction
The emergence of the Semantic Web has focused the attention on developing
systems in which knowledge can be shared in a distributed environment. Be-
sides, query answering in expressive knowledge base is a difficult task. Therefore,
when knowledge description is separated into different knowledge bases, query
answering becomes an even more tedious problem. The present paper investi-
gates a new approach to the problem, where local knowledge bases (ontologies)
may represent heterogeneous domains, but are related with directional mappings
that express how one can interpret foreign knowledge from a given peer’s point of
view. Queries are posed in terms of one local ontology (the target), and answers
are given in the context of the target ontology, while taking advantage of the
overall distributed knowledge. For such an approach, Distributed Description
Logics (DDL [1]) is an appropriate knowledge representation language, but it
has currently no supports for queries with variables. So, this paper defines the
notion of distributed answers to a query. Then, to evaluate queries, we propose
to reduce the problem of distributed query answering to a local query answering
problem, assuming that there already exist local query evaluation algorithms
(e.g., [2, 3]).
Several peer-to-peer (P2P) data management systems have been proposed re-
cently, which are divided into two main categories: centralized systems (e.g., [4])
and decentralized systems (e.g., [5–7]). [5] presents a relational P2P data man-
agement system, and the mappings between relational peer schemas are inclusion
and equivalence statements of conjunctive queries. The Piazza system [8] is a P2P
data management system that relies on a tree based data model: data in XML
and XQuery-based mapping language for mediating between peers. PEPSINT
[4] supports interoperation of both XML and RDF data sources, using a hybrid
architecture with a super peer containing the global ontology. EDUTELLA [6]
provides an RDF-based metadata infrastructure for P2P networks. [9, 7] describe
the SomeWhere semantic P2P data management system that promotes a small
vision of the Semantic Web based on simple ontologies distributed at a large
scale, and logical mappings between ontologies make possible the creation of a
web of people.
Most of the existing systems are assumed to work with rather homogeneous
data, and they might prove useless if different ontologies are developed for a
different context of application. This is the particularity of our work: DDL can
handle distributed knowledge where each ontology may provide different context,
and mappings between domains are handled through the use of the so-called
bridge-rules. Another peculiarity of our approach is that, even though the query
is posed in terms of one particular local ontology, a single answer may contain
individuals from several knowledge bases.
The paper is organized as follows: we present the syntax and the semantics
of DDL in Section 2. Section 3 presents the syntax and the semantics of the
query language that we consider. In Section 4, we prove a theorem that provides
a guideline for a query evaluation procedure over DDL. The concluding remarks
and further work are presented in Section 5.
2 Distributed Description Logics
Our work is based on DDL [1]. DDL serves to describe a distributed knowledge
base (DKB) composed of several local KBs (written in standard DL) and of
“bridge rules” that serve to connect terms from different local KBs.
2.1 Ontology Language:DL
Syntax. Our local KBs, that we will refer to as ontologies, are written in De-
scription Logics (DL). The basic elements in DL are concepts, roles and individ-
uals. Concepts (class of individuals) and roles (relations between individuals) are
either primitive (named concepts or roles) or complex (recursively defined with
constructors and other concepts or roles). Individuals can only be described by
a name. Constructors are given in Table 1.
Ontologies are composed of axioms asserting truth about a knowledge do-
main. We distinguish terminological axioms, i.e., statements about concepts and
roles, and assertional axioms, i.e., facts about individuals. All possible axioms
are summarized in Table 1.
Definition 1 (Ontology) An ontology (or local knowledge base) O is a pair
〈T,A〉 where T is a set of terminological axioms called TBox, and A is a set of
assertional axioms called ABox.
Given an ontology O, we denote by Sig(O) the set of all terms (primitive
concept/role and individual names) appearing in the axioms of O and we call it
the signature of O. Moreover, given a set of terms Σ, we denote by A(Σ) the
set of all possible axioms inductively built out of terms of Σ and constructors
from Table 1.
Construct name Syntax Semantics
individual a aI ∈ ∆I
atomic concept A AI ⊆ ∆I
universal concept ⊤ ⊤I = ∆I
empty concept ⊥ ⊥I = ∅
conjunction C ⊓ D (C ⊓ D)I = CI ∩ DI
disjunction C ⊔ D (C ⊔ D)I = CI ∪ DI
negation ¬C ∆I \ CI
exists restriction ∃R.C {x|∃y.〈x, y〉 ∈ RI ∧ y ∈ CI}
value restriction ∀R.C {x|∀y.〈x, y〉 ∈ RI ⇒ y ∈ CI}
number ≤ nR {x|♯{y.〈x, y〉 ∈ RI} ≤ n}
restrictions ≥ nR {x|♯{y.〈x, y〉 ∈ RI} ≥ n}
nominals {a1, . . . , an} {a
I
1, . . . , a
I
n}
atomic role R RI ⊆ ∆I × ∆I
role conjunction R ⊓ S (R ⊓ S)I = RI ∩ SI
role disjunction R ⊔ S (R ⊔ S)I = RI ∪ SI
role complement ¬R (∆I × ∆I) \ RI
transitive closure R+ transitive closure of RI
inverse role R− {〈y, x〉|〈x, y〉 ∈ RI}
role composition R ◦ S {〈x, z〉|∃y.〈x, y〉∈RI∧〈y, z〉∈SI}
TBox axioms Syntax Interpretation constraints
subsumption C ⊑ D CI ⊆ DI
role inclusion R ⊑ S RI ⊆ SI
role transitivity Trans(R) RI = (R+)I
ABox axioms Syntax Interpretation constraints
class membership C(a) aI ∈ CI











Table 1. Syntax and semantics of DL constructors
Semantics. The semantics of DL define the notion of interpretation, and specify
when an interpretation satisfies an axiom or an ontology.
Definition 2 (Interpretation of a set of terms) Given a set of terms Σ,
an interpretation I of Σ is a pair 〈∆I , ·I〉 where ∆I is a non-empty set called
the domain of I, and ·I is an interpretation function that maps individuals of Σ
to elements of ∆I , concepts of Σ to subsets of ∆I and roles of Σ to subsets of
∆I × ∆I . The interpretation function is extended to complex concepts or roles
by applying interpretation rules of Table 1 recursively.
Satisfiability allows one to identify interpretations that are consistent with
the statements expressed in axioms.
Definition 3 (Axiom satisfiability) Let Σ be a set of terms, and φ ∈ A(Σ)
an axiom in terms of Σ. An interpretation I of Σ satisfies φ iff it fulfills the
constraint associated with φ in Table 1. In this case, we denote it I |= φ.
Given an ontology O, an interpretation I of Sig(O) satisfies O iff it satisfies
all the axioms of O. In this case, we write I |= O and call I a model of O.
Moreover, we denote by Mod(O) the set of all models of O. Additionally, an
ontology is satisfiable if it has at least one model.
The next section explains how knowledge from different ontologies can be
related, and how distributed systems are interpreted and satisfied.
2.2 Distributed Systems
Basically, a distributed (knowledge-based) system (DS for short) is a structure
composed of ontologies and ontology mappings interconnecting them. Since there
are now several ontologies, it is convenient to identify the provenance of terms.
To do so, we add a prefix to terms or axioms denoting the ontology whence they
come. Additionally, we will consistently use K to denote a set of indexes.
Syntax. In DDL, ontology mappings are expressed by bridge rules.
Definition 4 (Bridge rule) Let Oi and Oj be two ontologies. A bridge rule
from Oi to Oj (i 6= j), is an expression of one of the following two forms:
– i :C
⊑
→ j :D an into-bridge rule;
– i :C
⊒
→ j :D an onto-bridge rule;
– i :x 7→ j :y a (partial) individual correspondence;
– i :x
=
7→ j :{y1, . . . , yn} a complete individual correspondence;
where i :C and j :D are either two concepts or two roles of Oi and Oj respectively,
i :x is an individual of Oi and j :y, j :y1, . . . , j :yn are individuals of Oj.
Informally, a distributed system is a set of ontologies interconnected with
ontology mappings.
Definition 5 (Distributed System) A Distributed System (DS) is a pair
S = 〈(Oi)i∈K , (Bij)i 6=j〉 where for all i, j ∈ K, Oi is a DL ontology as de-
fined in the previous section, and Bij is a (possibly empty) set of bridge rules
between Oi and Oj.
1
The notion of distributed system can capture P2P knowledge-based systems,
the Semantic Web, or multi-agent systems.
1 When there is no ambiguity, we will write 〈O,B〉 to denote 〈(Oi)i∈K , (Bij)i6=j〉.
Semantics. In a distributed system in DDL, each ontology is interpreted ac-
cording to the local DL semantics. Since interpretation domains of different
ontologies can be heterogeneous, a distributed interpretation also describe how
two different domains are interrelated. This done via domain relation, as shown
in the following definition.
Definition 6 (Distributed interpretation) Let S = 〈O,B〉 be a DS. A dis-
tributed interpretation I = 〈I, r〉 of S assigns to each ontology Oi an inter-
pretation Ii = 〈∆
Ii , ·Ii〉 of Sig(Oi) and for all pairs i 6= j, a domain relation
rij ⊆ ∆
Ii ×∆Ij .2
Informally, a domain relation rij serves to express what objects from ∆
Ii
represent from the Oj ’s point of view. A distributed interpretation satisfies a
DS when (1) its local interpretations locally satisfy their respective ontology,
and (2) satisfies constraints imposed by bridge rules as defined in the following
definition.
Definition 7 (Distributed satisfiability) Let I = 〈I, r〉 be a distributed in-
terpretation. I satisfies a bridge rule bij (written I |=d bij) when the following
constraints hold:
– if bij is i :C
⊑
→ j :D then I |=d bij ⇔ rij(C
Ii) ⊆ DIj ;
– if bij is i :C
⊒
→ j :D then I |=d bij ⇔ rij(C
Ii) ⊇ DIj ;
– if bij is i :x 7→ j :y then I |=d bij ⇔ y
Ij ∈ rij(x
Ii);
– if bij is i :x
=




, . . . , y
Ij
n }.
A distributed interpretation satisfying a DS is called a model of the DS.
Definition 8 (Model of a DS) A model of a DS 〈O,B〉 is a distributed inter-
pretation I = 〈I, r〉 such that for all i ∈ K, Ii |= Oi and for all i, j ∈ K, bij ∈ Bij,
I |=d bij. This is denoted by I |=d S.
An axiom (resp. a bridge rule) α (resp. β) is a semantic consequence of S if
all models of S satisfy α (resp. β).
Next section defines the notion of targeted query over a DS, and specify
the problem we address in this paper: answering queries targeted on a specific
ontology within a DS.
3 Query answering in DDL
We are interested, in this section, in defining answers to queries posed in terms
of one ontology in DDL. So the query is specified in one specific context, and
answers are given w.r.t. this context, even though the overall DS is used to
determine these answers. We first define the syntax of such queries, and then
define the set of possible answers to a given query over a DDL knowledge base.
2 For all d ∈ ∆Ii , we use rij(d) to denote {d
′ ∈ ∆Ij |〈d, d′〉 ∈ rij}, for any D ⊆
∆Ii , we use rij(D) to denote
⋃
d∈D
rij(d), and for any R ⊆ ∆




Informally, a query as we consider here is simply a set of axioms that can be
constructed from the terms of one specific local ontology as well as variables. So,
we will consider the following formal definition of a query.
Definition 9 (Query) A query Q is a tuple of the form 〈X, Y,Σ, F 〉, where
X and Y are sets of variables, Σ is a set of terms, X, Y and Σ are pairwise
disjoint and F ⊆ A(Σ ∪X ∪ Y ) is a set of DL axioms where variables from X
and Y are used as terms.
In the above definition, variables of X are called distinguished variables and
variables of Y are existentially quantified and called non-distinguished variables.
A very common notation for queries is q(x) ← body(x, y), where x represents
the distinguished variables, y the non-distinguished ones, and body represents the
axioms. The set of terms upon which the axioms are defined is made implicit.
We will use this more convenient notation in our practical examples.
Example 1. The query q(?x)← Student(?y)∧hastStudent(?x, ?y) corresponds
to the tuple 〈X, Y,Σ, F 〉, s.t. X ={?x}, Y ={?y}, Σ ={Students, hasStudent},
F ={Student(?y), hasStudent(?x, ?y)}.
Definition 10 (Targeted query on an ontology) Given an ontology O, a
targeted query Q on O is a tuple 〈X, Y,Sig(O), F 〉.
In this paper, we are only interested in answering targeted queries, which
means we only want to get answers that are related to the knowledge domain
of the target ontology, yet in accordance to all the knowledge described in every
ontologies and bridge rules.
3.2 Semantics
As in distributed system semantics, there are two levels of query satisfiability:
local and global. Local satisfiability corresponds to the usual query satisfiability
over an ontology language. Global satisfiability necessitates a more elaborate
definition since it has to deal with the presence of bridge-rules.
Definition 11 (Assignment) An assignment is a mapping α : X → Σ from
a set of variables X to a set of terms Σ.
Given a query Q and an assignment α, α(Q) denotes a the axioms of Q in
which all variables x are replaced by α(x). Consequently, α(Q) is a set of axioms
with no distinguished variables.
Definition 12 (Interpretation extended to variables) Let Σ be a set of
terms, Y be a set of variables disjoint from Σ and I be an interpretation of
Σ. Then, an extension I ′ of I to a set of variables X is an interpretation of
Σ ∪X such that ∀x ∈ Σ xI
′
= xI .
This extension of interpretations serves to define satisfaction of axioms with
variables, as shown below.
Definition 13 (Satisfied query) Let Q = 〈X, Y,Σ, F 〉 be a query, α : X → Σ
an assignment and I be an interpretation of Σ. Then, I satisfies α(Q) if there
exist an extension I ′ of I to Y such that I ′ |= α(Q). In this case, we simply
write I |= α(Q).
This definition makes sense since α(Q) is a set of axioms built out of Σ ∪ Y ,
and I ′ interprets it.
Definition 14 (Local answer to a query) Let Q = 〈X, Y,Sig(O), F 〉 be a
query targeted on ontology O. An answer to Q over O is an assignment α :
X → Sig(O) such that ∀I ∈ Mod(O), I |= α(Q). We denote by Ans(Q,O) the
set of all local answers to a query Q targeted on O.
Now we must define a distributed answer to a targeted query. The difficulty
lies in the fact that there might be answers with terms from different ontologies.
In this case, the resulting assignment α may be such that α(Q) has terms from
different ontologies. Yet, none of our currently defined interpretations can inter-
pret axioms where terms from different ontologies appear. So, we will provide a
new definition for that matter.
The idea of the following definition is to extend a local interpretation to an
interpretation of all the terms that appear in a DS. However, since we only want
to answer the query in the target ontology’s context, we want this extended
interpretation to stay within the same domain of interpretation, hence, to be
local. To this extent, we first define the extension of an ontology signature w.r.t.
a DS.
Definition 15 (Extended signature) Let S = 〈O,B〉 be a DS, with Ot a
particular ontology of S. The extended signature eSigS(Ot) of Ot w.r.t. S is the
smallest set such that:
– Sig(Ot) ⊆ eSigS(Ot);
– for all e ∈ Sig(Oi), there exists a distinct term e
i→t ∈ eSigS(Ot).
Now our goal is to be able to interpret the extended signature in the lo-
cal domain of the target ontology. Such an interpretation is defined by taking
advantage of a given distributed interpretation.
Definition 16 (Combined interpretation) Let I = 〈I, r〉 be an interpreta-
tion of a DS, Ot be an ontology of the DS. The combined interpretation of
I targeted on Ot is an interpretation I
c
t of the extended vocabulary eSigS(Ot)
defined by:
– Ict = 〈∆t, ·
Ict 〉;
– ∀e ∈ Sig(Ot), e
Ict = eIt ; and





It must be remarked that when e is an individual of ontology Oi 6= Ot, then
rit(e
Ii) is a set of elements of the domain of interpretation. So, foreign individ-
uals are interpreted as subset of ∆t, not as elements. However, our goal is to
obtain a standard DL interpretation of foreign terms. We envisage two possibil-
ities to overcome this problem: either we restrict the combined interpretation to
foreign concepts and roles and ignore foreign individuals; or we add an explicit
constraint on individual terms in order to make their interpretation a singleton.
More precisely, this second choice imposes that a bridge rule i :x
=
7→ t :{xi→t} is
added to the DS for each foreign individual term x ∈ Sig(Oi). While this does
not fully solve the problem, it at least ensures that if I is a model of the DS,
then Ict is a well defined DL interpretation. This is actually all we need to have
a valid definition of query answer.
Our approach works for these two options, and we will present the differences
that are implied by the two approaches.
Definition 17 (Distributed answer to a query) Let S = 〈O,B〉 be a dis-
tributed system. Let Qt = 〈X, Y,Sig(Ot), F 〉 be a query targeted on Ot in S. A
distributed answer to Qt is an assignment α : X → eSigS(Ot) such that for
all models I of S, Ict |= α(Qt). We denote by dAns(Qt, Ot, S) the set of all
distributed answers to a query Qt targeted on Ot in S.
Example 1 To illustrate our approach, we consider the following DDL system
that contains only two ontologies O1 and O2, and the bridge-rules B21. In this
system Teacher and Student are concepts, and the roles are teachesTo and
hasStudent:













Consider now the following query targeted on O1:
Q1(?x, ?y)← Teacher(?x), teachesTo(?x, ?y)
the answer to the above query is:
〈?x, ?y〉 ∈ {〈John, Bob〉, 〈John-Doe, Robert〉, 〈John-Doe, Bob〉, 〈John, Robert〉}
Note that our approach is capable of assigning individuals in the same answer
from different domains (e.g., 〈John, Robert〉), which is not provided by previous
approaches.
Consider now the following query with the same body as the previous one:
Q2(?y)← Teacher(?x), teachesTo(?x, ?y)
the answer to the above query is:
?y ∈ {Bob, Robert, Larry}
Although both of the above two queries have the same body, Larry appears
in the answer of the second query while it does not appear in the answer of the
first one. This is because we know that there is someone who teaches to Larry
but we do not know whom, so there is no assignment to the variable ?x in the
first query.
4 Evaluating a targeted query over DDL
Though our definitions for local and distributed answers are given for general
queries, we are interested in answering conjunctive queries over DDL knowledge
base. Conjunctive queries only allow variables in replacement of individuals, and
only have axioms of the form C(τ) and R(τ1, τ2) where C is a concept, R is a
role and τ, τ1, τ2 are either individual terms or variables.
In order to present our method for computing answers, we first show an
important theorem that includes properties satisfied by the combined interpre-
tation.
Theorem 1 Let I = 〈I, r〉 be a distributed interpretation of a DS, and Ot a
target ontology. The following properties holds:
– if I |=d i :B
⊑
→ t :C then Ict |= t :B
i→t ⊑ C;
– if I |=d i :S
⊑
→ t :R then Ict |= t :S
i→t ⊑ R;
– if I |=d i :D
⊒
→ t :C then Ict |= t :C ⊑ D
i→t;
– if I |=d i :T
⊒
→ t :R then Ict |= t :R ⊑ T
i→t;
– if Ii |= i :B ⊑ D then I
c
t |= t :B
i→t ⊑ Di→t.
Moreover, if we consider the second choice mentioned after Definition 16, the
following holds too:
– if Ii |= i :B(a) then I
c
t |= t :B
i→t(ai→t);
– if Ii |= i :S(a, b) then I
c
t |= t :S
i→t(ai→t, bi→t);
– if Ii |= i :a = b then I
c
t |= t :a
i→t = bi→t;
where C is any concept, R is any role and B, D, S, T are defined according to
the following grammar:
B ::= A | ∃S.⊤ |B ⊔B | [{a1, . . . , an}]
D ::= A |D ⊓D |D ⊔D | [{a1, . . . , an}]
S ::= P |S− |S ⊔ S
T ::= P |T− |T ⊔ T |T ⊓ T
and A is a primitive concept, P a primitive role and a1, . . . , an are individuals
3.
3 Individuals are allowed only if the second choice mentioned after Definition 16 is
taken.
The proof for this theorem is not very difficult but long and may be hard to
follow because of the many variables and notations involved.4
When using DL constructs in axioms or bridge rules other than the ones used
in Theorem 1, there is no guarantee that a corresponding axiom is satisfied by
the combined interpretation Ict . Counter examples for all constructs not in the
list above are found in the online appendix.
4.1 Query Evaluation
In order to compute the distributed answers to a query targeted on an ontology,
we build a new ontology which extends the targeted one with terms from foreign
ontologies and axioms deduced from foreign axioms and bridge rules, accord-
ing to Theorem 1. This ontology corresponds to a kind of deductive closure of
the target ontology with respect to a DS. This new ontology is thus called the
“targeted distributed closure”. More precisely, the target ontology signature is
extended to eSigS(Ot) and all axioms satisfied by all combined interpretations
are added to it. Building the closure ontology O′t serves to transform the dis-
Algorithm 1: Closure(Ot, S)
Data: A distributed system S = 〈O,B〉, and an ontology Ot ∈ S.
Result: a new ontology O′t.
begin
O′t ::= Ot;
for each bridge rule bti such that S |=d bti do
if bti is of one of the forms given in Theorem 1 then
add the corresponding axiom to O′t
for each axiom φi in Oi do
if φi is of one of the forms given in Theorem 1 then
add the corresponding axiom to O′t
return O′t
end
tributed query answering problem into a local query answering problem. Indeed,
the following property holds:
Ans(Qt, Ot) ⊆ Ans(Qt,Closure(Ot, S)) ⊆ dAns(Qt, Ot, S)
So this gives a correct algorithm for computing distributed answers, on the
condition that we have (1) a correct and complete deduction procedure for DDL,
computing all semantic consequences of a DS in finite time; (2) local query
answering facilities. The first point is of course very optimistic, but it can give a
criteria on the type of DL and/or ontologies that permits computable answers.
Moreover, it is not needed to have the complete closure in order to have the
4 The reader can refer to the online appendix at the following url:
http://www.inrialpes.fr/exmo/people/zimmer/NTMS2007proof.pdf.
above property. Any ontology extending Ot with axioms obtained by applying
the rules in Theorem 1 satisfies this property. So, it is possible to extend the
ontology progressively, while computing new answers step by step. This method,
which corresponds to a lazy evaluation, permits to give answers at anytime
during the process. Finally, in the favorable case when the closure is computable
and the query has only distinguished variables, the set of local answers to the
query over the closure is most likely equal to the set of distributed answers over
the DS.
Example 2 According to Algorithm 1, the closure of ontology O1, which in-









1 :John-Doe2→1 = John
5 Conclusion and future work
We have investigated the query answering problem over DDL, and showed that,
in some specific cases, the problem can be reduced to answering query over
local DL ontology by constructing the closure ontology. The closure ontology
extends a local ontology with all possible axioms that can be deduced from
other ontologies in the system using bridge-rules between different domains,
which allow to deduce additional information from other ontologies, and thus
find answers that were not given by the sole local knowledge base.
Our approach guarantees correctness as soon as there exists a sound algo-
rithm for querying DL ontologies. However, it does not guarantee completeness
in the general case. Nonetheless, we conjecture and strongly believe that with
ontologies in DL-Lite and minimal constraints on bridge rules, the algorithm we
propose would prove to be complete, and it is part of our future investigations
to do so.
Future work will also regard four main directions: optimization, implemen-
tation of this approach, test of the performance of our approach in terms of
scalability (i.e., the number of peers in the system) and study of the algorithmic
complexity. Comparison with existing approach in terms of expressivity and com-
pleteness of results is also envisaged. Especially, a possible optimization would
consist in taking into account the query in the construction of the closure, such
that it would not be needed to deduce all possible axioms, and in particular,
reduce the set of needed axioms to a finite one.
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